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NOMENCLATURE

Symbol Description

AFAPL Air Force Aero Propulsion Laboratory

AFFDL Air Force Flight Dynamics Laboratory

B Rotor Blade Tip Loss Factor

b Number of Blades of Rotor

c Chord of Blade (feet)

CD  Rotor Coefficient of Drag = D/priT2 R

24
CL  Rotor Coefficient of Lift = L/pT2fl R

CP Hover Power Coefficient = 550 (HP)/prR2( fR)3

(using test stand HP)

CT Hover Thrust Coefficient = T/prR 2(fR)2

CT3/2
FM Rotor Figure of Merit = .707

Cp
HP Rotor Horsepower

L Rotor Lift (pounds)

M Rotor Tip Mach Number

N Rotor RPM in Horsepower Calculation
from Oscillograph Data

Q Rotor Torque Measured at the Mast
(inch-pounds) from Oscillograph Data

R Rotor Radius

RPM Rotor Rotational Speed

T Rotor Thrust Along the Mast Axis (pounds)

A Delta - Indicating a Difference in Data
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A- Air Density Ratio - Actual Air
Density to Air Density at Sea
Level Standard Day Conditions
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I. SUMMARY

The Bell Model 300 tilt rotor, 25 feet in diameter, underwent a
hover performance test under Government contract (Reference 1)
in March 1973. The test was conducted on the Aero Propulsion
Laboratory whirl stand at Wright-Patterson Air Force Base
(Figures I-1 and I-2).

The maximum thrust over density ratio measured at the design tip
speed of 740 feet per second was 10,016 pounds. This occurred
when the power over density ratio was 1721 horsepower. At the
hover overspeed rpm (QR = 786 feet per second), the thrust and
power, over density ratio, were 11,008 pounds and 1866 horsepower.

During the test, the maximum measured thrust coefficient, CT/-,
was 0.177, and the rotor figure of merit exceeded 0.81. Measured
lifting efficiency was 8.35 pounds per horsepower at the thrust
a 13,000-pound aircraft would require for hover at sea level on
a standard day. No effect of compressibility on performance is
discernible in the test results (the range of tip Mach numbers
tested was 0.55 to 0.71).

The measured thrust exceeded the predicted maximum thrust by 8
percent, but an arbitrary increase in the tip loss factor, B, from
0.97 to 1.0 brings the calculated thrust into close agreement.
This change in B makes computed power required higher than
measured power required, but power measured on the whirl stand is
somewhat optimistic because of the partial ground effect of the
open-grid work platform below the rotor. The performance analysis
which uses the tip loss factor of 1.0 seems to predict performance
accurately, and the performance thus predicted is in very close
agreement with the hover performance measured earlier in the 40-
by 80-foot wind tunnel (Reference 2). The hover test in the wind
tunnel seems to have represented out-of-ground-effect hover
accurately, and to have been more conservative than the whirl test.

Neither blade loads nor control loads limited maximum thrust.
Torque approached the static limit for the rotor, but all
oscillatory loads were low.

A preliminary analysis of noise data made by the Air Force Flight
Dynamics Laboratory indicates that the rotor noise on the test
stand closely agrees with the noise measured in the wind tunnel.
The noise levels predicted for the Model 301 tilt rotor research
aircraft which uses the Model 300 tilt rotor should thus be
accurate.

Hover performance is now well documented to show that the tilt
rotor for the Model 301 aircraft will conservatively meet all
hover requirements. Calculations with the tip loss factor B =
1.0 show the new hover ceiling to be 2200 feet higher or, for
constant altitude, the maximum gross weight for hover is 850
pounds greater than predicted (increasing from 13,000 to 13,850
pounds).

300-099-010 I-1
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Figure I-1. 25-Foot Tilt Rotor on Whirl Stand

Figure 1-2. 25-Foot Tilt Rotor Test Installation

300-099-010 I-2
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II. BACKGROUND

Lack of success of the many VTOL configurations previously
investigated was directly related to their inability to demon-
strate a useful payload when hovering at hot-day and altitude
conditions typical of those required for an operational VTOL.
One of the obvious reasons for the lack of a useful payload
was the failure to achieve the predicted performance goals for
static thrust in hovering flight. It is, therefore, important
in the future assessment of candidate VTOL types that the area
of static thrust performance be carefully and accurately
evaluated.

The tilt-rotor-type VTOL aircraft is one of the most promising
configurations as a result of the good hovering payload (under
operating temperatures and altitude conditions) that has been
forecast for it. Although optimism in the performance forecast
could be suspected, tests of the Bell 25-foot-diameter full-
scale tilt rotor in the NASA-Ames Large-Scale Tunnel (under
Army/NASA Contract NAS2-5386) in November 1970 showed lower
power required than predicted and measured values of static
thrust exceeded the maximum predicted static thrust by 15 per-
cent. These static tests were performed under conditions which
could possibly have provided some "ground effect" or other
"wall effects" or allowed wake recirculation. See Figure II-1
for the wind-tunnel test installation.

The importance of an accurate assessment of static hover
performance of the tilt rotor indicated the need for an
independent check with a test specifically designed to
represent the free hover condition. Additionally, the
ability to accurately predict performance of a given VTOL
propulsion system is needed if this type is to be considered
for development to meet civil and/or military application
requirements. It was to meet these needs that NASA-Ames
contracted with Bell in November 1972 for the whirl-tower
test of the full-scale 25-foot diameter tilt rotor.

300-099-010 II-1
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Figure II-1. 25-Foot Tilt Rotor in 40- X 80-Foot
Wind Tunnel Performance Test, Nov. 1970.

300-099-010 II-2
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III. DESCRIPTION OF TEST HARDWARE

The test hardware consisted of the 25-foot Bell Model 300 tilt
rotor mounted to the Wright-Patterson Air Force Base Aero
Propulsion Laboratory Rotor Whirl Tower. Both the rotor and
the test stand were instrumented for the test. See drawing
300-018-048 in Appendix for rotor configuration for this test.

A. 25-FOOT TILT ROTOR

The tilt rotor is a three-bladed semi-rigid rotor with a fully
gimbaled hub for blade flapping freedom and is the same rotor
as used in the wind-tunnel tests in 1970. (See Reference 2)
The all-bonded blades are made with high-strength, heat-treated
17-7PH stainless steel. Blade pitch motion and retention are
provided by needle bearings and wire straps. Stainless steel
liners, bonded to the titanium yoke, prevent fretting. The
stiff titanium yoke places all blade bending frequencies above
rotor speed.

The geometry of the blades was developed with the help of
two-dimensional tests in subsonic and transonic wind tunnels.
The blades have an NACA 64-208 airfoil at the tip and a highly
cambered, 28-percent thick section at the root. A combination
of twist and camber was chosen to meet the aerodynamic require-
ments for both helicopter and airplane flight, and to permit
the blade spar structure to have a uniform twist rate. The
integral blade and grip eliminate the need for an aerodynamic
cuff at the root of the blade. The basic chord of the blade
is 14 inches. Chord, twist, lift coefficient and thickness
distributions are shown in Figure III-1. Blade stiffness and
mass distribution are shown in Reference 3, Figure III-2. The
tilt rotor collective and cyclic natural frequencies are shown
in Reference 2, Figures III-3 and III-4, respectively.

Collective pitch control is achieved with a rise and fall
collective head above the hub. The same pitch links as used
in the wind-tunnel tests of 1970 attach directly from the
collective head to the pitch horns of each blade. The collec-
tive head is powered by a 28-volt DC electric motor with a gear

head of 941:1 gear ratio and is mounted directly above the
collective head. The electric motor gear head has a continuous
operating torque of 100 inches-pounds and a stall torque of
500 inches-pounds which produce a collective head force of
500 pounds and 2500 pounds, respectively. The collective
motor and gear head drive through an acme screw with a lead
of .166 inch per rev and provide a collective rate of 8.5
degrees per minute or about 1/7 degree per second. The total
collective travel was about 18 degrees of blade pitch.

Cyclic pitch was held to zero for this test by deleting the
swashplate and by connecting the pitch links directly from
collective head to the pitch horns of each blade.

300-099-010 III-1
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To adapt the Model 300 tilt rotor to the test stand, a new mast
with adapter flange was fabricated. See Drawing 300-018-043
in appendix. The test mast is identical to the aircraft mast
in the vicinity of the hub but is stronger below the hub to
the attachment flange because the mast is unsupported on the
test stand whereas the aircraft mast is supported by bearings.

The Model 300 tilt rotor is faired with a fiberglass spinner
with internal aluminum bulkheads.

Table III-1 provides a summary of pertinent descriptive data.
Bell drawings 300-010-001 and 300-010-100 included in the
appendix show some of the construction details of the tilt
rotor.

B. AIR FORCE AERO PROPULSION LABORATORY ROTOR STAND

The test stand used for the test is located in area B of Wright
Field and consists of a four-sided pyramid super structure
mounted to four concrete platforms as shown in Figures III-2
and III-3.

The rotor is mounted on top of the AFAPL whirl stand 56 feet
above the ground inside a 100-foot diameter cage with dimensions
and features as shown in Figure III-4.

A 12- by 12-foot work platform is located 6 feet below the
plane of the rotor. It has a 7- by 7-foot solid area with an
open-grid walkway around it. The grid material on the walkway
has an open area ratio of 0.76. This platform will cause some
blockage to the rotor wake and may create a partial ground
effect on the rotor. A 4-foot wide open-grid walkway extends
from the south side of the work platform to the outer cage.

An anemometer mounted 4 feet above the top of the cage is used
to measure wind velocity. The cage consisting of chain link
fence has six layers in the plane of the rotor. This reduces
the wind velocity at the rotor location.

The test stand is powered by a Westinghouse 15,000 horsepower
synchronous ac electric motor. Ac power is generated by an
alternator which is driven by an electric dc motor. In this
manner, rpm is closely controlled by controlling the current
to the dc motor. The alternator and dc motor are located in
the adjacent power house and the ac synchronous motor is
mounted inside the test stand just above the control room.
The drive shaft is 10 inches in diameter with a flexure
coupling 10 feet above the motor and an A.H. Emery pressure
type thrust load cell and bearing 13 feet above the motor.
The top of the drive shaft is 13 feet above the thrust load cell
where an upper roller bearing and two Baldwin side force load
cells are mounted to the test stand. This upper bearing and

300-099-010 III-2
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housing is held in position radially by four jack clamps which
must be adjusted from .002 to .004 loose fit to allow for
accurate thrust load readings from the thrust cell. The side
force cells were not used for this test and were backed off and
locked out of position.

The rotor mounting shaft pad is 12 inches in diameter and pro-
vides 8 mounting bolts of 1.00 inch diameter and 4 aligning
face keys of 1.06 width and 4.81 long. The mounting bolts are
special design with a portion of the shank necked down and
polished to .56 diameter. The rotor drive shaft drives in
either direction of rotation up to 600 rpm and the test stand
power rating at the drive shaft is 4000 horsepower.

The test stand provides an overhead rail type hoist which
allowed the fully assembled rotor to be lifted up for mounting
on the stand. A closed circuit T.V. is provided to view the
rotor from the control room. All test control read out equip-
ment and monitors were provided in the control room in the base
of the test stand. An elevator on the side of the test stand
was used to transport personnel to the work platform.

C. INSTRUMENTATION

Rotor instrumentation was provided to monitor and record loads,
frequencies and motions of the rotor during the test. Test
stand instrumentation was provided to monitor and read thrust,
power and rpm during the test.

1. Rotor Instrumentation

The rotor instrumentation is given in Table III-2. Nineteen
channels of rotor strain gage and position data were measured
and recorded during the tests. The rotor mast torque strain
gage was accurately calibrated at Bell prior to shipment to
the test site. Blade flapping, feathering and collective
position was calibrated at the test stand prior to test. All
other previously calibrated strain gages were rechecked to be
reading the same voltage during laboratory checkout at Bell
prior to shipping to the test site. All instrumentation
remained on line and continued to function throughout the test.

2. Test Stand Instrumentation

Instrumentation provided by the Air Force Aero Propulsion Labora-
tory Rotor Whirl Tower for the Model 300 hover test is as
follows:

Measurement Operating Range Monitor

Thrust 0 to 11,250 lb Meter

Powera 0 to 2,000 hp Meter

300-099-010 III-3
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Measurement Operating Range Monitor

RPMb 0 to 600 Digital meter (at
one second gate)

Wind speed As required (knots) Meter from anemometer

Wind direction All directions Meter from anemometer

Outside temperature Ambient conditions Visual thermometer
(deg C)

Barometric press Ambient conditions Test stand barometer
(in Hg)

aHorsepower is monitored in watts converted to horsepower
with corrections for voltage and amps.

bBell oscillograph also recorded rpm and mast torque.

The whirl stand was recalibrated just prior to the test and
measurements of power, thrust, and rpm should each be within
1 percent of true value. All instruments carry U. S. Government
calibration labels certifying calibration until July 1973.

Calibration of the Westinghouse 15,000 horsepower three-phase
synchronous motor was performed in 100 rpm increments from 0 to
600 rpm. This determined the unloaded power for friction,
winding and iron losses. Copper losses do not vary and are
obtained from a curve supplied by Westinghouse. Power is
obtained by subtracting these losses from the measured watts
to the motor. The watt meter was adjusted to be within 1
percent of true value and calibrated against a watt meter
calibrated by the U. S. Bureau of Standards.

Speed of the motor is measured by a digital counter measuring
pulses from a 60 pole generator turning at shaft speed. The
digital counter was calibrated and verified to be within 1
percent of true value by using a signal generator calibrated
by the U. S. Bureau of Standards.

The A. H. Emery thrust measuring system was calibrated from
0 to 20,000 pounds by pulling on the top of the drive shaft
with a hydraulic jack in series with a Baldwin precision load
cell. The Baldwin load cell was calibrated by the U.S. Bureau of
Standards. The rig thrust calibration factor was determined
to be 0.985 which means that the thrust system was reading
0.985 of true thrust. Thrust readings were then divided by
0.985 to give true thrust.

300-099-010 III-4
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TABLE III-1. TILT ROTOR DESCRIPTIVE DATA

Number of Blades per Proprotor

Diameter

Disc Area per Proprotor 491 sq ft

Blade Chord 14 in basic blade
17 in cuff root at

0.0875R
Tapering to 14 in

at 0.25R

Blade Area (3 Blades)

Solidity

Blade Airfoil Section
Root (C Mast)
Tip

Blade Twist (See Figure
Distribution)

43.75 sq ft

0.089

NACA 64-935 a = 0.3
NACA 64-208 a = 0.3

III-1 for

Hub Precone Angle

83

Underslinging

Mast Moment Spring Rate (per Rotor)

Flapping Design Clearance

Blade Flapping Inertia (per Blade)

Blade Lock Number

-45.0 deg

+2.5 deg

-15.0 deg

0 deg

2700 in lb/deg

±12.0 deg

105 Slug ft2

3.83

Tip Speed
(fps)
786Hover Operating Overspeed

Helicopter

Conversion

Airplane

300-099-010

3

25.0 ft

(rpm)
600

565

534

458

740

700

600
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TABLE III-2. INSTRUMENTATION LIST - MODEL 300 WHIRL TOWER HOVER TEST

Operating 100 Percent Frequency Readout
No. Item or Name Units Limit Display Response O-Graph Scope Meter

o
0

0o

%r
O

H
H
H

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

Red blade beam Sta. 22.8

Red blade beam Sta. 52.5

Red blade chord Sta. 52.5

Red blade torsion Sta. 52.5

Red blade spindle beam

Red blade spindle chord

Red pitch link axial

White pitch link axial

Collective tube axial

Mast parallel bending

Mast perpendicular bending

Mast torsion

Axial acceleration of slipring
housing

Side acceleration of slipring
housing

Side acceleration (90-degrees
to above)
Red blade feathering at tip

Red blade flapping
Red blade azimuth

Collective position

in-lb

in-lb

in-lb

in-lb

in-lb

in-lb

lb

lb

lb

in-lb

in-lb

in-lb

g

g

g

deg

deg
blip

deg

300,000
±35,000

130,000
±17,500

185,000
±36,500

±3,000

163,000
±30,000

270,000
±50,000

500±345

500±345

1500±1035

50,000
±50,000

50,000
±50,000

217,000
±10,000

3

3

3

-6 to +14

±2
one per

rev
-6 to 14

x

x

x

x

x

x

x

x

x

x

400,000

150,000

200,000

±5,000

175,000

300,000

800±345

800±345

2,500

50,000

50,000

100

100

100

100

100

100

100

100

100

100

100

100

60

60

60

50

50
50

50

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x

I

nFX

0
O

Dz

D5
a .

m

~o-

x

x

250,000

5

5

5

-10 to +20

±5

-10 to 20
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Figure III-1. 25-Foot Tilt Rotor Parameters.
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Figure 111-2. AFAPL Rotor Test Stand Work Platform.

Figure 111-3. AFAPL Rotor Test Stand.
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ANEMOMETER

Figure III-4. 25-Foot Tilt Rotor on the Whirl Stand
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IV. PERFORMANCE DATA

A. TEST PROCEDURE

The test was conducted with the rotor mounted vertically on
the test stand with the rotor hub about 6 feet above the 12 x 12
foot work platform and about 56 feet above the ground. (See
Figure III-4) The direction of rotation for the test was
counter clockwise looking down on the rotor.

All instrumentation given in the previous section was operating
and zeros were taken along with measurement of full throw
travels prior to and immediately following each run. The
temperature was read on an outside thermometer graduated in
centigrade. Barometric pressure was read on a calibrated and
corrected mercury barometer at the test site. Temperature and
barometric pressure was read at the start of each run and
checked again at the end of the run. Wind velocity and direc-
tion was monitored remotely in the Control Room from an ane-
mometer mounted 4 feet above the protective cage. In addition
a hand held wind velocity gage was used to check wind velocity
at the rotor plane. This was found to be about half of the
anemometer reading and is the basis for the wind velocity shown
on the data figures and Tables.

The test run log is shown in Table IV-1. The test was con-
ducted in 7 data runs with an initial shakedown run prior to
run 1 and an additional run at the conclusion of the test to
check the affect of the driveshaft bearing clamps tight at
the upper end of the test stand driveshaft. Run 5 was basi-
cally a rotor load check run and therefore was not properly
zeroed for thrust measurement. All other runs are considered
good data runs. The test procedure for each run was to hold
rpm constant and to vary collective pitch from the minimum
of -3.7 deg up to a value corresponding the limit mast torque
which usually occurred at 12 to 14 deg of pitch at the blade
tip. The rpm range used for the test was 458, 534, 565 and
600 with tip speeds of 600, 700, 740 and 786 feet per second
respectively. The total number of valid data points is 72
and the total run time is 5 hours-18 minutes. The blade tip
Mach number range versus outside temperature covered by the
test is shown in Figure IV-1.

Rotor flapping was monitored throughout the test and also
recorded on the latter runs. Flapping generally did not exceed
+1/2 deg except during occasional wind gusts the flapping would
go to ±1 1/2 deg.

Comparison of power measured by the test stand to the power
determined by the torque strain gage on the mast is shown in
Figure IV-2. Additional tabulated data of power measurements
from mast torque and test stand is given in the Appendix,
Tables I and II.
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As seen in Figure IV-2, power from the two methods is generally
within less than 1 percent and the maximum discrepancy is 3
percent. Correlation between measured performance and theory
and data scatter for test runs at 600 and 740 feet per second
is shown in the Appendix, Tables III through VI.

B. TEST RESULTS

Test results are plotted in Figure IV-3 in terms of horsepower
over density ratio versus thrust over density ratio for the
four test tip speeds. All of the data points are shown in
a non-dimensional plot of power versus thrust coefficient in
Figure IV-4. It is seen that the data from all four test
RPM's fall together and that there is no discernible effect
of tip speed for the tested tip Mach number range from .55
to .71.

Test results from the hover test of the 25-foot diameter rotor
in the Ames 40 x 80 foot wind tunnel are compared in Figure IV-4
with the whirl tower results. The whirl tower data substantiates
the performance measured in the wind tunnel, in fact it indicates
slightly better performance; in that for the same thrust coef-
ficient, the power is approximately 5 to 8 percent less.

Figure IV-5 shows the lifting efficiency of the rotor in terms
of pounds of lift per horsepower for the design tip speed of
740 ft/second. Lifting efficiency exceeds 10 pounds per horse-
power and is 8.3 pounds per horsepower at a thrust corresponding
to an aircraft gross weight of 13,000 pounds. As shown in Figure
IV-6, figure of merit exceeded .81 for the low wind data points.

C. PERFORMANCE PREDICTION METHOD

Tilt rotor performance is calculated using theory and a com-
puter program developed for helicopter rotors. The analysis
combines blade element and momentum theory based on the method
of NACA TN3747.

The mathematical model has been extended to eliminate small
angle assumptions and include aerodynamic refinements such
as the inplane component of induced velocity. In addition,
the calculated induced velocity has been increased seven
percent based on results of correlation studies with the
measured performance of many helicopters.

The effects of stall, compressibility, and reverse flow are
included by entering tables of the airfoil's two-dimensional
lift and drag coefficients. The tables cover the range of
Mach numbers up to 1.0 and angles of attack from 0 to ±180
degrees. Each blade may be divided into spanwise segments
with the blade twist and planform varying linearly within
each segment. The rotor equations of motion are solved by
numerical integration. Bell computer program ARST01, the
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latest version of F35 with improved iteration loops, is used to
make the calculations. A seeming limitation of this performance
method (F35) is the assumption of an induced velocity based on
simple momentum theory. Comparison with other performance
prediction methods, however, shows that this is not objection-
able. Bell has a computer program (BRAM) which incorporates
free trailing tip vortex, and a program (AR0601), which has a
semifree wake. Neither of these programs predicts significantly
different performance than F35 and both require much more com-
puter time. In hover, the 7 percent empirical corrections
incorporated in F35 to account for the higher order wake effects
and other factors influencing hover performance, results in
good correlation with helicopter flight test data. With the
free wake representation, some empirical corrections are also
required to achieve the same degree of correlation. At the
present state of the art, the use of sophisticated wake repre-
sentations does not offer increased accuracy.

In 1970, when the 25-foot-diameter tilt rotor was tested in
the Ames 40-x 80-foot tunnel, it reached thrust values 15 percent
higher than the maximum thrust predicted by computer program F35.
In correlation studies following the test (Reference 2) it was
found that to predict as much thrust as measured it was neces-
sary to

(1) Increase the tip loss factor B from a value of about
.95 computed by the equation

B = 1 -
b

to a value of .97 and

(2) Increase CL max for some of the airfoil section data
and

(3) Make CL constant above CL max for some of the airfoil
section data.

Figure IV-2 through IV-5 of Reference 2 show the modifications
made to the measured two-dimensional airfoil section data.

D. CORRELATION OF TEST WITH THEORY

Figure IV-7 and IV-8 shows how the above theory, (B = .97 etc)
which was used for the pretest predicting~correlates with the
whirl stand performance. It is seen that still the measured
thrust exceeded the predicted maximum thrust by 8 percent.

Predicted performance is shown in the Test Plan and Predictions
report (Reference 4).
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Performance has been recalculated with the following additional
modification to the performance method:

(1) The tip loss factor increased from .97 to 1.0 and

(2) CL held constant above CL Max in the section data
for all airfoil at all Mach numbers and

(3) CL max increased for the 18 percent airfoil at .5
Mach number to be consistent with what was done
before for the other Mach numbers and airfoils.

Airfoil section data from the two-dimensional test data (Reference
5 and 6) are illustrated in Figures IV-9 through IV-12. The
airfoil section data used in the computer program for each of
the four blade segments is tabulated in Tables IV-2 through
IV-9. The computer division of the blade into four segments
is illustrated in Figure III-1.

Figure IV-13 through IV-22 show how the theory as modified by
the second change (B = 1.0 etc), correlates with the whirl
stand performance. It is seen that the theory now correctly
predicts the thrust, but over predicts the power. Tables III
and IV in the Appendix show the difference between test and
theory at selected data points.

The discrepancy between the performance theory and the measured
data is believed to be caused by three factors:

(1) While the rotor plane is some 56 feet (h/D = 2.25)
above the ground there is still some ground effect
from the work platform on the whirl tower that was
discussed in Section III.

(2) Although, the use of a tip loss factor in helicopter
performance calculation has been standard practice for
many years and has been reasonably reliable, more
refined analysis may be required to predict maximum
thrust. For example several investigators (References
7, 8, 9) have found that square tipped wings and rotor
blades develop considerable lift at their tip and that
the assumption of zero lift outboard of some blade
station is unrealistic. In fact, there is evidence
(Reference 8) that the presence of the tip vortex can
create much higher lift at the tip than would be
calculated by classical wake theory and strip analysis.
This additional lift is equivalent to the vortex in
induced lift at the lateral edges of low aspect ratio
wings. Bell has been studying under contract (Refer-
ence 10) with NASA the rotor wake and its interaction
with various tip shapes on model rotors and has
developed a rotor wake analytical model. However,
there is at present no way to rigorously account
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for the vortex generated lift on hovering rotors.
Simplified approaches to quantifying tip vortex
lift indicate that the assumption of zero tip
loss may not be far from reality. The increase
in pressure associated with vortex lift should
also increase the power above that calculated
by simple momentum theory and strip analysis.

(3) Although, the airfoil section data was based on
careful two-dimensional testing at full scale
Reynolds and Mach numbers there may be radial
boundary layer flow which alleviates stall and
increases the maximum lift coefficient.

The performance prediction method (B = 1.0, etc.) has been
empirically developed on the basis of the whirl stand per-
formance test which is somewhat optimistic because of a
partial ground effect. Even so, the modifications of the
theory have been logical and the resulting predicted per-
formance is as accurate as possible at this time, and is in
close agreement with the wind-tunnel test as shown in Figures
IV-15, IV-17, IV-23 and IV-24. It appears that the wind-tunnel
test was an accurate representative of out-of-ground effect
hover and was more conservative than the whirl test.

E. AIRCRAFT HOVER CEILING

Hover ceilings of the Model 301 tilt rotor research aircraft
(which uses the Bell Model 300 rotor) based on the measured
whirl stand performance are shown in Figure IV-25. Included
for comparison are predicted hover ceilings in Figures IV-26
and IV-27 based on a tip loss of B = .97 from Reference 11
and predicted hover ceilings based on B = 1.0. The prediction
using B = 1.0 which is more conservative than test data, shows
an increase in standard day hover ceiling of 2200 feet at
constant gross weight or at a constant altitude an increase of
850 pounds of gross weight with respect to pretest predictions.
The hover ceilings are based on an airframe download of 7 percent
of thrust.

F. CONCLUSIONS AND RECOMMENDATIONS

1. Thrust measured on the whirl stand exceeded the maximum
thrust predicted prior to the test by 8 percent.

2. Whirl stand power is optimistic in comparison to theory
modified to correlate with thrust and in comparison
with hover performance measured in the wind tunnel.

3. The modified theory is in good agreement with the wind-
tunnel test.

4. The wind-tunnel test was representative of out-of-ground-
effect hover and more conservative than the whirl test.
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5. Future research on hover performance should include
flow visualization of stall and tip vortex phenomenon
which could include a tuft survey, a limited amount
of hot-wire x-probes to determine spanwise flow
velocities, and flow visualization using evapora-
tive film techniques.
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TABLE IV-1. HOVER TEST RUN LOG

TIP WIND RUN RUN
RUN

NUMBER TIP COLLECTIVE VELOCITY TIP ACCUM.
RUN OF DATA RPM SPEED PITCH EMAT ROTOR MACH TIME

POINTS (fps) (deg) (DEG C.) (IN Hg)RS-MIN)PONS(p) (deg)(T) NUMBER (MINUTES) (HRS-MIN)

11* 0 to 456

13

12

13

1

9*

6

11

+1
458 2

+3
534-L

+2
565_0

564

300-565

+0
458-2

+4
565-1

+1
16 600_2

2 565

-2 to +8

600 -3.7

700 -3.7

740 -3.7

739 +7

- -3.7

600 -3.7

740 -3 .7

to +14

to +13

to +12.5

to

to

to

+8

12

+12

786 -3.7 to +11

740 +6, +8

+5 29.19

+5

+5

0

+5

+5

+2

+4

29.08 to
29.19

29.06

29.19

29.19

29.42

29.55

29.55

+6 29.54

+8 29.54

0-5

0 to 4

0-5

0-5

0-6

0-2

0-2

0-2

0-2

0-2

- 51

.546 37

.637 24

.680 39

.674 10

- 25

Initial
Shakedown
Run

1

2

3

4

5

6 86

.715 36

- 10

*Thrust readings not valid since no
zero reading taken prior to test.

0

0

I

0ooD

.550

.678

H

i

5

r

m

0
0

z

7

Tight
Shaft
Run

51

1:28

1:52

2:31

2:41

3:06

4:32

5:08

5:18
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TABLE IV-2. LIFT COEFFICIENTS, 7.5- TO 42.5-PERCENT
BLADE RADIUS, COMPUTER INPUT DATA

ANGLES MACH NUMBERS
OF 0. 0.30000 0.75000 0.80000

ATTACK
-180.0
-170.0
-165.0
-160.0
-150.0
-145.0
-140.0
-130.0
-120.0
-100.0

-90.0
-80.0
-60.0
-50.0
-40.0
-30.0
-25.0
-20.0
-12.0
-10.0
-8.0
-6.0
-4.0
-2.0
0.
2.0
4.0
8.0

10.0
12.0
16.0
18.0
20.0
22.0
25.0
30.0
40.0
50.0

180.0

0.00300
0.50000
0.49000
0.28000
0.13000
0.35000
0.52000
0.53000
0.38000
0.

-0.26000
-0.50000
-0.94000
-1. 00000
-0. 90000
-0.62000
-0.74000
-0.86000
-0.60000
-0.55000
-0.49000
-0.32500
-0.15000
0.03800
0.26000
0.42000
0.64000
0.93500
1.01000
1.10500
1.12000
1.12500
1.12500
1.12500
1.12500
1.12500
1.12500
1.00000
0.

0.
0.31000
0.27000
0.22000
0.12000
0.18000
0.24000
0.36000
0.24000
0.

-0.16000
-0.31000
-0.61000
-0.75000
-0.65000
-0.54000
-0.57000
-0.59000
-0.54000
-0.50000
-0.44500
-0.29000
-0.13000
0.04000
0.20000
0.36500
0.52500
0.93500
1.01000
1.10500
1.12000
1.12500
1.12500
1.12500
1.12500
1.12500
1.12500
0.87000
0.

0.
0.22000
0.19000
0.16000
0.09000
0.14000
0.18000
0.26000
0.18000
0.
-0.13000
-0.25000
-0.49000
-0.61000
-0.53000
-0.44000
-0.45000
-0.48000
-0.34000
-0.27500
-0.21500
-0.15000
-0.05500
0.03000
0.12000
0.20500
0.29000
0.40500
0.43500
0.46000
0.46000
0.46000
0.46000
0.44000
0.43000
0.40000
0.56000
0.74000
0.

300-099-010

0.
0.16000
0.15000
0.12000
0.07000
0.10000
0.14000
0.20000
0.14000
0.

-0.10000
-0.20000
-0.40000
-0.49000
-0.43000
-0.37000
-0.36000
-0.36000
-0.23000
-0.19000
-0.15000
-0.11500
-0.05000
0.01500
0.08000
0.14000
0.20500
0.26000
0.28500
0.31000
0.30000
0.29000
0.28000
0.28000
0.26000
0.25000
0.43000
0.60000
0.
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TABLE IV-3. DRAG COEFFICIENTS, 7.5- TO 42.5-PERCENT
BLADE RADIUS, COMPUTER INPUT DATA

ANGLES MACH tNUMBERS
OF 0. 0.65000 0.75000 0.80000

ATTACK
-180.0 0.03000 0.08000 0.21000 0.34000
-160.0 0.30000 0.35000 0.71000 1.00000
-150.0 0.45000 0.87000 1.07000 1.38000
-145.0 0.68000 1.03000 1.23000 1.58000
-140.0 0.95000 1.17000 1.41000 1.77000
-130.0 1.20000 1.50000 1.76000 2.14000
-120.0 1.51000 1.81000 2.10000 2.50000
-100.0 2.00000 2.20000 2.50000 2.50000
-90.0 2.04000 2.26000 2.50000 2.50000
-80.0 1.86000 2.25000 2.50000 2.50000
-60.0 1.47000 1.95000 2.50000 2.50000
-50.0 1.22000 1.71000 2.30000 2.50000
-40.0 0.86000 1.28000 1.80000 2.50000
-30.0 0.38000 0.86000 1.26000 1.99000
-25.0 0.27000 0.66000 1.00000 1.69000
-20.0 0.17000 0.45000 0.74000 1.40000
-12.0 0.03800 0.11300 0.34300 0.92000
-10.0 0.02300 0.06000 0.27800 0.82000
-8.0 0.01700 0.04300 0.20600 0.70000
-6.0 0.01400 0.03000 0.16800 0.58000
-4.0 0.01400 0.03000 0.13900 0.44000
-2.0 0.01400 0.03000 0.12000 0.40000
0. 0.01400 0.03000 0.12000 0.40000
2.0 0.01400 0.03000 0.12000 0.40000
4.0 0.01400 0.03000 0.13500 0.45000
8.0 0.02600 0.02600 0.20000 0.69000

10.0 0.03400 0.03400 0.28000 0.80000
12.0 0.04200 0.04200 0.37000 0.92000
16.0 0.10000 0.10000 0.56000 1.15000
18.0 0.13300 0.13300 0.66000 1.28000
20.0 0.17400 0.17400 0.75000 1.40000
22.0 0.21000 0.21000 0.85000 1.50000
25.0 0.26000 0.26000 0.99000 1.69000
40.0 0.70000 0.70000 1.68000 2.50000
50.0 1.10000 1.10000 2.14000 2.50000

180.0 0. 0. 0. 0.
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TABLE IV-4. LIFT COEFFICIENTS, 42.5- TO 65-PERCENT BLADE RADIUS, COMPUTER INPUT DATA

MACIt NUMBERS
0. 0.26000 0.30000 0.40000 0.50000 0.61000 0.66000 0.71000 1.00000

1.00000
-0. 1800 0
-0.15000
-0.11500
-0.06000
0.n1500
0. 0000
0. 165 00
0.1non0
0.21000
0.230On
0.26000
0.28000
0.35000
1. onn0

-0.800on
0.

1.00000
-0.86000
-0.62500
-0. 3 9500
-0.16500
0.05000
0.27000
0.48000
0.68500
0.88500
1.06500
1.17500
1.17500
1.17500
1.00000

-0.80000
0.

1.00000
-0.87500
-0.64500
-0.40500
-0.17000
0.05000
0.26500
0.49500
0.70500
0.91000
1.12000
1.20000
1.20000
1.20000
1.00000

-0. 80000
0.

1.00000
-0. 8 6500
-0.640 00
-0.40300
-0.18000
0.04500
0.27000
0.48300
0.69000
0.90300
1.06800
1.13300
1. 13800
1.13800
1.00000

-0.80000
0.

1. 0000
-0.85500
-0. 63500
-0.40000
-0.19000
0.04000
0.25500
0.47000
0.67500
0.89500
1.01500
1.07500
1.07500
1.07500
1. 00000

-0. 800 00
0.

1.00000
-0.78000
-0.57000
-0.35500
-0.15000
0.03500
0.22000
0.41000
0.61000
0.80000
0.90500
0.96000
0.99500
0.99500
1.00000

-0.80000
0.

1.00030
-0.85800
-0.62500
-0.39500
-0.17000
0.05000
0.27000
0.48500
0.G9000
0.89000
1.08000
1.16500
1.16500
1.16500
1.00000

-0.80000
0.

1.00000
-0.85800
-0.62500
-0.39500
-0. 17000
0.05 000
0.27000
0.40500
0.69000
0. 3 900
1. 0a80o
1.16500
1.16500
1.16500
1.0000 0

-0.30000
0.

1.00000
-0. 60000
-0. 45000
-0.29000
-0. 13000
0.030n00
0.19000
0.35000
0.51000
0. F7'000
0.75000
0.80000
0.80000
0. 8000
1.00000

-0.80000
0.

00

0

O

H

I
o

ANGLES
OF

ATTAC K

-180o.o
-8.0
-6.0
-4.0
-2.0
0.
2.0
4.0
6.0
8.0

10.0
12.0
14.0
20.0
50.0

130.0
180.0
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o TABLE IV-5. DRAG COEFFICIENTS, 42.5- TO 65-PERCENT BLADE RADIUS, COMPUTER INPUT DATA m

0
0

ANGLES MACEH NUMBERS
OF 0. 0.26000 0.30000 0.40000 0.50000 0.61000 0.66000 0.71000 1.00000 <

ATTACK
-130.0 5.42100 5.42100 5.42100 5.42100 5.42100 5.42100 5.42100 5.42100 5.42100

-8.0 0.01400 0.01400 0.01400 0.01400 0.01700 0.02200 0.02500 0.06100 0.44000
-6.0 0.01000 0.01000 0.01000 0.01000 0.01100 0.01200 0.01000 0.03000 0.35500
-4.0 0.00900 0.00900 0.00900 0.00900 0.00900 0.01000 0.00800 0.02300 0.31200
-2.0 0.00700 0.00700 0.00700 0.00700 0.00700 0.00700 0.00700 0.01500 0.30000
0. 0.00700 0.00700 0.00700 0.00700 0.00700 0.00700 0 ,0700 0.01500 0.30000
2.0 0.00700 0.00700 0.00700 0.00700 0.00700 0.00700 0.00700 0.01800 0.30100

< 4.0 0.00800 0.00800 0.00700 0.00700 0.00800 0.00700 0.00800 0.02900 0.32300
6.0 0.01000 0.01000 0.00300 0.00800 0.01400 0.00700 0.00700 0.04700 0.34600
8.0 0.01400 0.01400 0.01300 0.01100 0.01500 0.01400 0.03700 0.12500 0.41000

10.0 0.02100 0.02100 0.02000 0.02100 0.05400 0.03300 0.08200 0.28200 0.47600
12.0 0.07200 0.07200 0.06600 0.05000 0.08300 0.06800 0.19000 0.35000 0.54000
14.0 0.10100 0.10100 0.10400 0.09200 0.12400 0.21200 0.25000 0.41700 0.59000
16.0 0.12600 0.12600 0.14000 0.12500 0.21600 0.30800 0.34400 0.48400 0.63000
18.0 0.13100 0.18100 0.21500 0.17500 0.30300 0.40600 0.44200 0.52800 0.80000
90.0 0.21300 0.30700 0.34400 0.37800 1.60000 2.05000 2.05000 2.05000 2.C5000

180.0 0.30400 0.40600 0.44100 0.47500 1.80000 2.60000 2.60000 2.60000 2.60000
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ANGLES MACH NUMBERS
OF 0. 0.30000 0.40000 0.50000 0.60000 0.66000 0.71000 0.76000 0.82000 0.85000 1.00000 0

ATTACK 0
-180.0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
-10.0 -0.76700 -0.76700 -0.74100 -0.70600 -0.49500 -0.88000 -0.87000 -0.80000 -0.73000 -0.49000 -0.37000 z
-9.0 -0.75000 -0.75000 -0.72000 -0.70500 -0.64000 -0.86500 -0.85000 -0.80000 -0.73000 -0.52000 -0.38500
-8.0 -0.70800 -0.70800 -0.70800 -0.70000 -0.72000 -0.83300 -0.81800 -0.77200 -0.71000 -0.55000 -0.40000
-7.0 -0.65000 -0.65000 -0.65000 -0.69000 -0.70000 -0.76500 -0.74000 -0.68000 -0.65500 -0.49500 -0.38500
-6.0 -0.55900 -0.55900 -0.58900 -0.58700 -0.62600 -0.65600 -0.65900 -0.59500 -0.58500 -0.44000 -0.36000
-5.0 -0.45000 -0.45000 -0.47000 -0.50000 -0.54000 -0.54000 -0.55000 -0.51000 -0.48000 -0.37000 -0.33500
-4.0 -0.34300 -0.34300 -0.35700 -0.38000 -0.40500 -0.41400 -0.42500 -0.39600 -0.37500 -0.31000 -0.28000
-3.0 -0.25000 -0.25000 -0.24000 -0.27000 -0.27000 -0.28000 -0.30000 -0.28000 -0.26500 -0.24000 -0.20000
-2.0 -0.12300 -0.12300 -0.12500 -0.13200 -0.14600 -0.15500 -0.14000 -0.14400 -0.16000 -0.15500 -0.12000
-1.0 -0.03000 -0.03000 -0.01000 -0.03000 -0.03100 -0.03200 -0.10000 -0.04000 -0.06000 -0.06000 -0.04000

H . 0.07800 0.07800 0.08500 0.08900 0.09300 0.09900 0.09900 0.07200 0.05900 0.05000 0.04000
1.0 0.18000 0.18000 0.21000 0.21300 0.23300 0.24000 0.23000 0.20500 0.18000 0.13000 0.12000
2.0 0.30900 0.30900 0.31800 0.33800 0.36300 0.36500 0.36200 0.31500 0.27000 0.22800 0.20000
3.0 0.40000 0.40000 0.43900 0.46700 0.50200 0.50000 0.51000 0.42500 0.38000 0.31500 0.27500
4.0 0.52300 0.52300 0.55100 0.58300 0.62700 0.62300 0.62000 0.53700 0.48500 0.41000 0.35500
5.0 0.62000 0.62000 0.66500 0.68000 0.73500 0.73000 0.70000 0.62000 0.59500 0.50000 0.43500
6.0 0.73500 0.73500 0.78100 0;82500 0.88300 0.87400 0.79700 0.70900 0.66000 0.60000 0.51500
7.0 0.83000 0.83000 0.88500 0.92000 0.96000 0.94000 0.87200 0.76000 0.74000 0.69000 0.58000
8.0 0.95600 0.95600 1.00000 1.02000 1.05400 1.00500 0.94800 0.82000 0.81000 0.78000 0.59000
9.0 1.05000 1.05000 1.11000 1.11400 1.11000 1.05000 1.01000 0.85900 0.88000 0.88000 0.60500

10.0 1.15900 1.15900 1.17800 1.17500 1.14700 1.08500 1.05700 0.89900 0.93000 0.96000 0.62000
11.0 1.23600 1.23600 1.20000 1.20000 1.14700 1.08500 1.10500 0.89900 1.01000 1.03000 0.63000
12.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000
13.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000
14.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000
15.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000
16.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000 -

17.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000
18.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.63000 OZ
19.0 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.72000 ;
20.U 1.25400 1.25400 1.20000 1.20000 1.14700 1.08500 1.14200 0.89900 1.01000 1.03000 0.78000

180.0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
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TABLE IV-7. DRAG COEFFICIENTS, 65- TO 90-PERCENT BLADE RADIUS, COMPUTER INPUT DATA
0

o
ANGLES MACH NUMBERS

OF 0. 0.30000 0.40000 0.50000 0.60000 0.66000 0.71000 0.76000 0.82000 0.85000 1.00000 0
ATTAC 3
-180.0 O. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.

-10.0 0.13200 0.13200 0.13200 0.13500 0.15300 0.18400 0.23100 0.28200 0.33000 0.37000 0. z
-9.0 0.10100 0.10100 0.10000 0.10500 0.11200 0.12800 0.17300 0.23200 0.28100 0.31700 0.
-8.0 0.05900 0.05900 0.06800 0.08000 0.05800 0.06600 0.09800 0.14300 0.23000 0.25900 0.
-7.0 J.03200 0.03200 0.04000 0.05300 0.05000 0.04700 0.07000 0.10700 0.19600 0.23200 0.
-6.0 0.01000 0.01000 0.01200 0.02100 0.02200 0.02800 0.04100 0.06600 0.17000 0.20800 0.45500
-5.0 0.01000 0.01000 0.01000 0.01600 0.01300 0.01300 0.01400 0.03700 0.13500 0.19300 0.38800
-4.0 0.01000 0.01000 0.00900 0.00900 0.00800 0.01000 0.01100 0.01400 0.11800 0.17700 0.33700
-3.0 0.00900 0.00900 0.00800 0.00800 0.00700 0.00900 0.00900 0.01000 0.10500 0.16300 0.32300
-2.0 0.00800 0.00800 0.00800 0.00800 0.00700 0.00800 0.00800 0.00900 0.09700 0.14900 0.30800
-1.0 0.00700 0.00700 0.00700 0.00700 0.00600 0.00600 0.00700 0.01000 0.09500 0.14900 0.30000
0. 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.01300 0.09100 0.14900 0.30000
1.0 0.00600 0.00600 0.00600 0.00600 0.00600 0.00700 0.00700 0.01900 0.10800 0.16000 0.30300
2.0 0.00600 0.00600 0.00600 0.00600 0.00700 0.00600 0.00800 0.03500 0.12800 0.17500 0.30600
3.0 0.00800 0.00800 0.00600 0.00600 0.00600 0.00600 0.01000 0.05800 0.15200 0.19500 0.31400
4.0 0.00900 0.00900 0.00700 0.00700 0.00800 0.00700 0.01600 0.06000 0.17500 0.21800 0.32300
5.0 0.01000 0.01000 0.00800 0.00800 0.01000 0.01000 0.02300 0.08500 0.19800 0.23500 0.33900
6.0 0.01000 0.01000 0.00800 0.00900 0.01100 0.01300 0.03500 0.09500 0.21500 0.25300 0.36000
7.0 0.01100 0.01100 0.01000 0.01000 0.01900 0.02000 0.05900 0.13900 0.23800 0.27500 0.38200
8.0 0.01300 0.01300 0.01200 0.01500 0.02700 0.03500 0.08800 0.16800 0.26100 0.29900 0.41000
9.0 0.01400 0.01400 0.01300 0.01900 0.04800 0.06400 0.13100 0.20000 0.28700 0.31600 0.43600

10.0 0.01700 0.01700 0.01800 0.03500 0.05600 0.09300 0.16100 0.23000 0.30500 0.33900 0.46000
11.0 0.02300 0.02300 0.03600 0.06000 0.12300 0.13500 0.20500 0.25000 0.32100 0.35300 0.
12.0 0.03400 0.03400 0.11000 0.09800 0.16800 0.18700 0.22400 0.26800 0.33700 0.36700 0.
13.0 0.13700 0.13700 0.13200 0.13600 0.20000 0.19500 0.24400 0.28700 0.35300 0.38200 ..
14.0 0.21100 0.21100 0.18600 0.19100 0.22900 0.23500 0.26600 0.30500 0.37000 0.39700 0.
15.0 0.23000 0.23000 0.21100 0.21800 0.25200 0.25900 0.28600 0.32400 0.38800 0.41300 0.
16.0 0.24800 0.24800 0.24500 0.24300 0.27600 0.28200 0.30800 0.34300 0.40300 0.42800 0.
17.0 0.27300 0.27300 0.25300 0.26600 0.29800 0.30700 0.32900 0.36100 0.42000 0.44300 0.
18.0 0.28500 0.28500 0.27500 0.29000 0.32100 0.33000 0.35000 0.38000 0.43500 0.45800 0.
19.0 0.29800 0.20800 0.29700 0.31200 0.33100 0.34900 0.36700 0.39600 0.45100 0.46900 0.
20.0 0.32000 0.32000 0.31800 0.33200 0.35600 0.36800 0.38400 0.41200 0.46400 0.48100 0.

180.0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
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TABLE IV-8. LIFT COEFFICIENTS, 90- TO 100-PERCENT BLADE RADIUS, COMPUTER INPUT DATA

ANGLES MACH NUMBERS
OF 0. 0.30000 0.40000 0.50000 0.60000 0.66000 0.71000 0.76000 0.81000 0.85000 1.00000

ATTACK
-180.0 1.00000 1.00000 1.1.00000 1.00000 1.00000 1.00000 1.00000 1. 0000 . 1.0000 1. 00000

-6.0 -0.54100 -0.54100 -0.55400 -0.57800 -0.61200 -0.70100 -0.76000 -0.79000 -0.68000 -0.57500 -0.57500
-5.0 -0.43400 -0.43400 -0.44800 -0.47300 -0.51300 -0.57000 -0.63000 -0.68000 -0.56000 -0.51000 -0.51000
-4.0 -0.34000 -0.34000 -0.35200 -0.36800 -0.40100 -0.42900 -0.48200 -0.53000 -0.44000 -0.43500 -0.43500
-3.0 -0.25000 -0.25000 -0.25500 -0.26000 -0.27600 -0.28000 -0.29000 -0.36000 -0.29000 -0.29500 -0.29500
-2.0 -0.11600 -0.11600 -0.12000 -0.12900 -0.14500 -0.15400 -0.13000 -0.19300 -0.12100 -0.11500 -0.11500
-1.0- -0.01200 -0.01200 -0.01100 -0.01500 -0.02000 -0.02000 0.02000 -0.01600 0.00100 0.02500 0.02500
0. 0.0S100 0.09100 0.09500 0.10100 0.11100 0.11800 0.17000 0.15000 0.21700 0.18500 0.18500
1.0 0.20700 0.20700 0.21600 0.22300 0.25500 0.28000 0.32000 0.33500 0.36000 0.34500 0.34500
2.0 0.32300 0.32300 0.33400 0.35700 0.38900 0.41600 0.46100 0.49000 0.51000 0.49000 0.49000
3.0 0.42000 0.42000 0.43000 0.48000 0.52000 0.56500 0.61000 0.62500 0.65000 0.59500 0.59500
4.0 0.54500 0.54500 0.56900 0.62000 0.66500 0.71200 0.76700 0.77400 0.76500 0.66000 0.66000
5.0 0.66000 0.66000 0.67000 0.75000 0.78000 0.84000 0.89000 0.87500 0.84000 0.71500 0.71500
6.0 0.77200 0.77200 0.79400 0.81000 0.91600 0.97000 0.98700 0.95600 0.91000 0.74000 0.74000
7.0 0.87800 0.87800 0.88700 0.92800 1.04100 1.07500 1.06000 0.99000 0.94500 0.76000 0.76000
8.0 0.95000 0.95000 1.00100 1.04000 1.14800 1.15000 1.12600 1.02000 0.90000 0.78000 0.78000
9.0 0.98800 0.98800 1.11000 1.14000 1.21000 1.19900 1.17800 1.05500 0.92000 0.78000 0.78000

10.0 1.00900 1.00900 1.17200 1.18600 1.23300 1.19900 1.21800 1.05500 0.87000 0.78000 0.78000
11.0 1.01600 1.01600 1.20000 1.20000 1.23300 1.19900 1.25400 1.05500 0.87000 0.78000 0.78000
12.0 1.01600 1.01600 1.20000 1.20000 1.23300 1.19900 1.25400 1.05500 0.87000 0.78000 0.78000
13.0 1.01600 1.01600 1.20000 1.20000 1.23300 1.19900 1.25400 1.05500 0.87000 0.78000 0.78000
14.0 1.01600 1.01600 1.20000 1.20000 1.23300 1.19900 1.25400 1.05500 0.87000 0.78000 0.78000
50.0 1.00000 1.000 1.1.000 1.1.00 0 1.1.0000 11.00 0 1.1.000 00 1.000 1.1.000 1.1.0 0000 1.00000

130.0 -0.80000 -0.80000 0.80000 -0.80000 -0.80000 -0.80000 -0.80000 -0.80000 -0.80000 -0 .80000 -0.80000
180.0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
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TABLE IV-9. DRAG COEFFICIENTS, 90- TO 100-PERCENT BLADE RADIUS, COMPUTER INPUT DATA 8

ANGLES MACH NUMBERS
OF 0. 0.30000 0.40000 0.50000 0.60000 0.66000 0.71000 0.76000 0.81000 0.85000 1.00000

ATTACK
-180.0 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000 5.00000
-10.0 0.10600 0.10600 0.11800 0.15400 0.17400 0.19000 0.20400 0.23300 0.27000 0.33000 0.56000
1-5.0- 0.02500 0.02500 0.02300 0.03600 0.03300 0.03600 0.05000 0.07300 0.09400 0.12500 0.32500
-4.0 0.00900 0.00900 0.00900 0.01600 0.01900 0.02000 0.02600 0.03700 0.06700 0.10400 0.30300
-3.0 0.00700 0.00700 0.00800 0.01100 0.01000 0.01100 0.01200 0.02700 0.03900 0.07700 0.23500

H -2.0 0.00700 0.00700 0.00700 0.00800 0.00800 0.00800 0.00900 0.00900 0.01500 0.04900 0.23500
< -1.0 0.00700 0.00700 0.00700 0.00700 0.00600 0.00600 0.00700 0.00800 0.01200 0.04900 0.23500

0. 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.02100 0.04900 0.23500
1.0 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00900 0.03800 0.07200 0.23700

U 2.0 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.00600 0.01600 0.05600 0.09500 0.24600
3.0 0.00700 0.00700 0.00600 0.00600 0.00600 0.00700 0.00700 0.02900 0.08000 0.12100 0.25000
4.0 0.00800 0.00800 0.00600 0.00600 0.00800 0.00900 0.01100 0.05000 0.10500 0.14700 0.26100
5.0 0.00800 0.00800 0.00600 0.00600 0.01500 0.01700 0.02500 0.07200 0.12800 0.16700 0.27100
6.0 0.00900 0.00900 0.00700 0.00800 0.01900 0.02800 0.04900 0.09800 0.14900 0.18600 0.28400
7.0 0.01100 0.01100 0.00800 0.01100 0.04000 0.04400 0.07800 0.12400 0.17500 0.21000 0.30800
8.0 0.01500 0.01500 0.01000 0.01300 0.06100 0.07400 0.11500 0.155n0 0.20300 0.23600 0.33200
9.0 0.06700 0.06700 0.02300 0.03000 0.09800 0.10400 0.14300 0.18000 0.22500 0.26200 0.35700

10.0 0.10700 0.10700 0.05200 0.05600 0.10800 0.14100 0.17000 0.21400 0.25300 0.28700 0.38100
11.0 0.14700 0.14700 0.07600 0.09000 0.15300 0. 17000 0.20100 0.24100 0.27900 0.31200 0 .40500
12.0 0.18100 0.18100 0.11700 0.12300 0.1100 0.120800 0.24300 0.26600 0.30500 0.33700 0.43000
13.0 0.20200 0.20200 0.15200 0.15400 0.22400 0.24100 0.26500 0.29100 0.33000 0.36200 0.45300
14.0 0.22700 0.22700 0.18100 0.18400 0.25000 0.26700 0.28600 0.31900 0.35500 0.38700 0.47700
15.0 0.24000 0.24000 0.20300 0.20400 0.27100 0.28900 0.31400 0.34300 0.38100 0.41200 0.48000 -
90.0 2.60000 2.60000 22.60000 2.60000 22.60000 2.60000 2.60000 2.60000 2.600000 .60000 2.60000 - '

18d.0 0.01500 0.01500 0.01500 0.01500 0.01500 0.01500 0.01500 0.02000 0.04000 0.08000 0.30000
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Figure IV-9. Blade Section Lift and Drag Coefficients,
Airfoil Section No. 1, 64X28, 15-Percent
Radius.
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Figure IV-10. Blade Section Lift and Drag Coefficients,
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Radius.
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Figure IV-12. Blade Section Lift and Drag Coefficients,
Airfoil Section No. 4, 64X08, Blade Tip.
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Figure IV-13. Dimensional Hover Thrust Versus
Collective Pitch at Tip.
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Figure IV-14. Dimensional Hover Power Versus
Collective Pitch at Tip.
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Figure IV-16. Dimensional Hover Power Required at
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Figure IV-17. Dimensional Hover Power Required at
740 Feet Per Second Tip Speed.
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Figure IV-18. Dimensional Hover Power Required at
786 Feet Per Second Tip Speed.
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Figure IV-19. Nondimensional Hover Power Required at
600 Feet Per Second Tip Speed.
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Figure IV-20. Nondimensional Hover Power Required at

700 Feet Per Second Tip Speed.
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Figure IV-21. Nondimensional Hover Power Required at
740 Feet Per Second Tip Speed.
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Figure IV-22. Nondimensional Hover Power Required at

786 Feet Per Second Tip Speed.
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Figure IV-23. Nondimensional Hover Power Required.
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Figure IV-25. Model 301 Calculated Hover Ceiling
Based on Hover Test Data.
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Figure IV-26. Model 301 Calculated Hover Ceiling
With Tip Loss of 0.97.
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V. ROTOR AND CONTROL SYSTEM LOADS DATA

During each run the rotor and control system loads were
monitored to ensure static and dynamic limits were not
exceeded. Rotor performance was limited by loads only
in the sense that tests at 740 feet per second and 786
feet per second were terminated when the mast design
limit torque was approached. Oscillatory loads did not
limit rotor performance. However, unexpectedly high
two-per-rev loads were encountered during runs at 740 feet
per second. Analysis shows that these resulted from
dynamic coupling between the test stand and the rotor and
do not indicate an aircraft problem.

A. STEADY LOADS

The pitch link and yoke spindle steady loads are plotted as a
function of C /a in Figures V-l through V-3. For comparison the
steady loads from run 15 of the powered test of the 25-foot tilt
rotor in the 40- by 80-foot wind-tunnel test are also shown. The
wind tunnel loads of run 15 were used for all pre-test predictions
(Reference 4) and are shown on the above figures. The full-scale
wind-tunnel test loads data is taken from Reference 2.

B. OSCILLATORY LOADS

There were several sources of oscillatory excitation present
in the hover test.

1. Oscillatory airloads were generated by interaction of
the rotor induced flow and downwash with the test stand
structure. The support beam for an overhead hoist was
located approximately 25 feet above the rotor hub and
a walkway which extended out to 45 percent of rotor
radius was located 6 feet below the hub.

2. The rotor near wake and turbulent flow from stalled
regions of the blades contributed oscillatory airloads.

3. Ground winds inside the test cage ranging up to 6 knots
were present during the test.

Figure V-4 shows the pitch link oscillatory loads versus
CT/a-. At CT/-'s below 0.15 the frequency content of the
load was dominantly one and two-per-rev. At CT/- above
0.15 loads at six-per-rev and nine-per-rev caused a marked
increase in the overall oscillatory load. These high
frequency loads were probably caused by stall over the
inboard portion of the rotor. There was no evidence of
stall flutter or other form of instability even at the
maximum CT/-.

300-099-010 V-1
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Figures V-5 and V-6 show the yoke spindle beamwise and chord-
wise oscillatory bending moments versus CT/a-. The spindle
beam load was primarily one and three-per-rev and the spindle
chord load predominantly one and two-per-rev. The spindle
chord two-per-rev loads became sufficiently large at the
740 tip speed to cause concern during the test (however, the
spindle chord load never exceeded 25 percent of the endurance
limit).

Oscillatory loads at blade stations 22.8 and 52.5 showed
similar trends to those of the yoke spindle. Loads at these
stations were low.

C. ROTOR-TEST STAND DYNAMIC COUPLING

Analysis of the dynamics Qf the coupled test stand-rotor
showed that the relatively high two-per-rev loads were caused
by the blade advancing inplane bending mode being in resonance
with two-per-rev at the 740 feet per second tip speed. The
reason for the resonance can be explained with the aid of
Figures V-7 and V-8 as follows:

For inplane excitation, the rotor-test stand dynamic system
may be considered in terms of four uncoupled modes: (1) a
mode representing whirling of the hub in the direction of
rotation and (2) a mode representing whirling of the hub
opposite to the direction of rotation. Modes (1) and (2)
are primarily mast bending and in the rotating coordinate
system have a frequency equal to the uncoupled mast bending
frequency minus and plus one-per-rev respectively, as shown
in Figure V-7. The blade inplane motion is represented by
two uncoupled modes, the advancing and regressing blade modes.
The advancing and regressing modes represent the whirl of the
center of gravity of the displaced blades in the direction of
rotation and opposite to the direction of rotation respectively.
The frequencies of the uncoupled advancing and regressing blade
modes are the same as is shown in Figure V-7, and are equal to
the frequency of the blade fundamental cantilevered inplane
bending mode.

When the forward and backward whirl mast bending modes and
the advancing and regressing blade modes couple, the frequen-
cies of the coupled modes vary considerably from the uncoupled
frequencies as shown in Figure V-8. Strong coupling between
the advancing blade mode and the forward whirl mast bending
mode is evident in the range where the frequencies of the
uncoupled modes are equal (see Figure V-7). A hand shake test
of the nonrotating test stand-rotor assembly showed the coupled
mast bending frequency to be 2.62 cycles-per-rev referenced to
740 feet per second tip speed. Using this coupled frequency,
the uncoupled mast bending frequency was calculated to be 2.25
cycles-per-rev which, as shown in Figure V-8, resulted in the
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blade advancing inplane bending mode being in resonance with
two-per-rev.

Resonance of the advancing blade mode with two-per-rev was
also encountered during the powered test of the 25-foot tilt
rotor in the 40- by 80-foot wind tunnel. During that test,
the rotor was mounted on a propeller test rig and had a mast
bending frequency slightly lower than the mast bending
frequency on the whirl stand. Two-per-rev resonance occurred
at 700 feet per second tip speed restricting testing at that
tip speed. This problem has been considered in the design of
the Model 301 tilt rotor pylon for use with the Model 300
rotor. The location of pylon natural frequencies has been
carefully controlled during the design and the blade advancing
inplane mode is well clear of two-per-rev resonance. (It
should be noted that no attempt was made to control the
location of the mast bending frequency on the whirl stand
since the dynamic characteristics of the stand were not
known.)
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VI. NOISE DATA

A. TEST

Prior to the test, the Air Force Flight Dynamics Laboratory
(AFFDL) installed noise measuring microphones in the immediate
test area at various distances from the rotor. The microphone
locations are shown in Figure VI-1. During the test, noise was
recorded by AFFDL at each tip speed and collective setting for
all 11 microphones. This data is not a part of the NASA/Bell
program and is, therefore, only briefly discussed in this report.
Based on limited data from the test as supplied by NASA, a
comparison with the noise data from the previous full-scale
wind-tunnel tests was made and is given in paragraph B. This
shows that the noise frequencies and sound pressure levels are
similar and that the perceived noise level at a 500 foot side
line distance will be about 92 PNdb for a single rotor at
the design gross weight hover condition.

B. NOISE CORRELATION

The 25-foot diameter rotor hover noise characteristics measured
during whirl stand and wind-tunnel tests are presented in
Figures VI-2 and VI-3. Sound pressure levels graphed as a
function of frequency distribution, Figure VI-2, show reasonable
agreement. Rotor thrust levels and microphone distances are
approximately equal for each set of data. However, the micro-
phone is located 3-degrees above the rotor plane in the wind
tunnel and is positioned 20.5 degrees below the rotor for
the whirl stand. Directivity influence on peak perceived
noise levels (illustrated in Figure VI-3) shows a 3-PNdb
difference between inplane and 20 degrees below the plan view-
ing angles at approximately 37-feet distance. Thus, the wind-
tunnel sound pressure level at 3 degrees above the rotor should
produce slightly lower peak noise levels than shown. Wind-
tunnel enclosure corrections were applied to the tunnel sound
pressure level data using tables from Reference 12. These
corrections apply for operation with the wind-tunnel ceiling
doors closed. During hover tests, however, the tunnel doors
were open introducing additional correction factors.

Peak perceived noise levels are shown as a function of distance
from the rotor in Figure VI-3. Data were available for a maxi-
mum distance of 74.6 feet; thus, projected noise levels are
indicated to 2000 feet. The upper straight line represents a
6 PNdb intensity decrease per doubled distance from the source
(due to spherical wave spreading) and is based on the 74-foot
whirl stand data point. The lower projection includes distance
effects and atmospheric absorption (based on the frequency
distribution of Figure VI-2) using an atmosphere with 40 percent
relative humidity. A peak perceived noise calculation for the
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single rotor is shown at 500-feet distance using Lowson's
chart method, Reference 13. A 6 PNdb increment based on wind
tunnel test-theory correlation studies was added to the calcu-
lated value to agree with the wind-tunnel data. The calculated
noise level for the Model 301 aircraft will be 3 PNdb higher
than the single rotor noise which indicates the aircraft noise
prediction will be 95 PNdb at 500 feet.
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Figure VI-2. Tilt Rotor Hover Noise Level Versus
Frequency Distribution (Single Rotor).
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Figure VI-3. Peak Perceived Noise Levels of Single
Tilt Rotor in Hover Versus Distance
From Rotor.
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zT I I lua No O ENGINEER TE.P

Z o/ , r 14J.1 ELAL NO. CREW C HIEF DAO':T ;R

P, , O / AFLEs . LAD.E OWC n0. TES1 CfP, ,, . - Il R FACTOR , m
rDHIRL TEST tO. /DAOE SERIAL NO. . I a

SHEET NO. -,..TN FAC T(e',/ /. C
-__G- _ 2 _O °t°/

_o .._/ / ./ " " ? //ii-' 1'I
Rr t 5 3 . 3 5G3 6f 5 33 -T 3 7 8
COR / p6 3 3 6 3 4 43
COR /T/ 3 2G5 7 383 484 6 fS2 _c_ q _6 4__ _5 7 !S 5 7 Z

N'TP I E _ _ ŽL3.i
AR M__ .3 3 / I 15 / 1.- 2,/ z2.3• 23 __3 3_

.JLTIPLIfR .6 o * | _1 3
TP r/ A .T-' - -7 /-i ;9

Cu LOSS 0 / J ( _. ._ /sq _cuoss 7 7

OTL OSS 7 L677 7 7 a I

OH SCALE ?/ Y |ol 2 | |a 72 i 2 |L 96
9AL TffRUST j |/

ACTUAL TH 13___I 1 -1
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PROPELLER WHIRL T DATA SHEET / //

/ TE2, 73 IIIUl DWG .. 1 I t4 E rR -

AFR. ADAPTER HUG SERIAL NO. CR-W I3AROM' T:H

;,I 7 'A0 R OT 3) c- O j- __ AO T __

PROJ 2 -A E , LADE DWT NO. CREW A C TOR

,' /___. zBo , 6,," /__ "
WHIRL TEST NO. BLADE SERIAL NO. ORIG FACTOR

SHEET NO. 7; / ..... ' FAC TOR

ANGLE /0' A_ .L _STq / _ / t/.__., J/ ___ _ .Z"_ +_Z'±:f /00 /zAItL1/ /,(/

RPM 5 6 56 r 64 7 6 - 6
COR HP / 3d3 3/ k :2 . 23 L LR ,' / -
COR TH /7// Z3 : L35 7 22 572 7 2'2 L7!2 f 22 9 .7 V17
ARM VOLTS I/ // //3 //3 / / :Z-. / 3
MlULTIPLIER , 3 ~ ." 3 2 - -.

ARM AMPS "', o 7': i. 3 -3, _

MULTIPLIER ,x 1_ , , C / - - ___

ARM WATTS 2./a 2. Z1 7' Lrs 1 2- #Z?.I
CU LOSS - ___ - -

F WI LOSS< f i/ 2-. f
GEAR LOSS

roTALHP Z 94 2 _ _ ___ _4 _ 7 a _ * _ _ S__ /

TOTAL LOSS I ?- t3 9 7

NET HP L5 9I 3 62-- =72' , o 2z : 7 17 /7 .t
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TEST TIME
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REMARKS £' Ta/q ?, C¢ a. 7 / o - 7..

RUN 3

r m
r

80

c

m
;Q
0

z

Eo
Ir I

i- -

o o
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PROPELLER WHIRL TEST DATA SHEETo |/
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O PROJ NO., BAFFLES BLADE DWG NO. TEST :REW AIR FACTOR

WHIRL TES r NO. LADE SERIAL NO. / RIG FACTOR

A . - . L . _ _
MLPI -AN LE O -- -p I

RPM T 5 5 /

ARM AMPS .- J
MULTIPLIER ' _

ARM WATTS el lc/
cu Loss 0 0 2-
F WI LOSS Z 7 I

o GEAR LOSS

TOTAL hP /• 44 / _ _ _ _ _ ____

TOTAL LOSS 2 . _I -) _ _ //
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THSCALE 4 q o / a 7o
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START

STOP .
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. PROPELLER WHIRL TEST DATA SHEET / ? O .,
LAT: 2 3 $ 1 ll 1, ,.w ..... I NGIN,.LI, II.MI'
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H ANGLE C / 3 .7, L +o8 - L_ 2 _ - -_
RPM , s7 .; .-
COR HP T. / 6/ 3/ J -___ ___73 _ -3
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WHIRL TEST NO. BLADE SERIAL NO. RIG FACTOR
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PROPELLER WHIRL TEST DATA SHEET . rO , /.
3 7-3 _R IG 4UL_ B. _O. Ii iNtIN in R0. -

iFR ADAPTER HUB tRnIAL NO. CRIEF i3AROME II:R

C PBLO BAFF ADE DWG NO, TEST CREW AI FACTO.

i:O ,O EA ;-77
WHIRL TEST NO. LADE SERIAL NO. RIG FACTOR
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ARM VOLTS 3
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DATA COMPARISON TABLES

Table I

Table II

Power Comparison - Mast Torque
to Stand Power 1IR = 740 Ft/Sec
(565 RPM)

Power Comparison - Mast Torque
to Stand Power flR= 786 Ft/Sec
(600 RPM)

Table III

Table IV

Table V

Table VI

Correlation of Measured
Calculated Thrust

Correlation of Measured
Calculated Power

Thrust to

Power to

Scatter in Thrust Data Points

Scatter in Power Data Points

300-099-010

Power

Power

A-16



o
' TABLE I. POWER COMPARISON - MAST TORQUE POWER TO STAND POWER
o - m

OR = 740 FT/SEC (565 RPM) o r
o 0

3-21-73 MAST TORQUE MEASUREMENT3-21-73
o RUN 3 TIP NET mCOLLEC- OSC VALUE OR0COLLEC- OSC VALUE TORQUE HORSEP OSC COR PERCENTHORSEPOWERDATA TIVE VALUE (IN) (in #) OSC N H.P.' STAND A OF STAND

PT. (DEG) (IN) (ZERO=1.060) (95,500 in #/in) RPM (HP=63025 (o'=1.0292) H.P./a' H.P. H.P. 3

z
1 -3.7 1.280 0.220 20,900 561 186 181 188 -7 -3.72
2 -2 1.350 0.290 27,700 562 246 239 234 +5 +2.13
3 0 1.460 0.400 38,100 563 338 328 327 +1 +0.3
4 2 1.610 0.550 52,500 563 468 454 450 +4.0 +0.9 >
5 4 1.820 0.760 72,400 563 645 627 604 +23 +3.8
6 6 2.080 1.020 97,100 563 865 840 823 +17 +2.0
7 8 2.390 1.330 127,000 564 1132 1100 1058 +42 +4.0
8 9 2.570 1.510 142,000 564 1268 1232 1192 +40 +3.35L
9 10 2.710 1.650 157,500 563 1405 1365 1307 +58 +4.4 '

10 11 2.860 1.800 172,000 563 1530 1486 1455 +31 +2.1 p
11 12 3.120 2.060 196,500 564 1755 1705 1681 +24 +1.4 ~

12 12.5 3.160 2.100 200,500 564 1790 1739 1721 +18 +1.0

RUN 4 (ZERO=1.07) (o'=1.0107)

1 7 2.23 1.16 110,780 564 991 981 963 +18 +1.8

3-23-73
RUN 6 (ZERO=1.32) (95,500 in #/in) (cr'=1.0268)

7 -3.7 - - - - - - 190 - -
8 -2 1.60 .28 26,740 563 238 232 240 -8 -3.3
9 1 1.77 .45 42,975 564 384 374 382 -8 -2.1

10 3 1.95 .63 60,165 564 538 524 531 -7 -1.3 D -a

11 5 2.20 .88 84,040 563 751 731 739 -8 -1.0
12 7 2.45 1.13 107,915 563 964 939 959 -20 -2.1 ,
13 8 2.58 1.26 120,330 563 1075 1047 1054 -7 -0.6 o o
14 9 2.75 1.43 136,565 562 1218 1186 1200 -14 -1.1
15 10 2.92 1.60 152,800 562 1363 1327 1345 -18 -1.3
16 11 3.10 1.78 169,900 562 1516 1476 1496 -20 -1.3, 00

17 12 3.27 1.95 186,225 562 1661 1618 1648 -30 -1.8l

---.- -3 01. vl'
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O TABLE II. POWER COMPARISON - MAST TORQUE POWER TO STAND POWER m

QR = 786 FT/SEC (600 RPM)

3-23-73 MAST TORQUE MEASUREMENT z

RUN 7 TIP NET PERCENT
COLLEC- OSC VALUE TORQUE OSCOSC COR OF

DATA TIVE VALUE (IN) (IN LB) OSC HORSEPOWER H.P./a' STAND A STAND
PT. (DEG) (IN) (ZERO=1.32) (95,500 in #/in) RPM (HP=---- ) (a'=1.0191) H.P./o' H.P. H.P.

63,025

1 -3.7 1.57 .25 23,875 597 226 222 225 -3 -1.3
2 -3 1.59 .27 25,785 597 244 240 250 -10 -4.0
3 -2 1.64 .32 30,560 596 289 284 287 -3 -1.0

> 4 -1 1.69 .37 35,335 596 334 328 338 -10 -2.9
H 5 0 1.77 .45 42,975 597 407 399 395 +4 +1.0
x 6 1 1.84 .52 49,660 598 471 462 461 +1 +0.2

7 2 1.94 .62 59,210 597 561 550 549 +1 +0. <
8 3 2.07 .75 71,625 597 678 666 652 +14 +2.1
9 4 2.17 .85 81,175 598 770 756 763 -7 -0.9

10 5 2.30 .98 93,590 598 888 871 888 -17 -1.9m
11 6 2.45 1.13 107,915 598 1024 1005 1020 -15 -1.5-
12 7 2.62 1.30 124,150 597 1176 1154 1152 +2 +0.2;
13 8 2.78 1.46 139,430 596 1344 1318 1313 +5 +0.4un
14 9 2.96 1.64 156,620 597 1484 1456 1432 +24 +1.7-i
15 9 2.98 1.66 158,530 598 1504 1476 1464 +12 +0.8
16 10 3.16 1.84 175,720 598 1667 1636 1627 +9 +0.5
17 11 3.39 2.07 197,685 599 1879 1844 1866 -22 -1.2 °

gco
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TABLE III. CORRELATION WITH CALCULATED THRUST

300-099-010

TIP CORRECTED CALCULATED A PERCENT OF
TIP RUN COLLECTIVE MEASURED THRUST THRUST CALCULATED
SPEED NUMBER PITCH (deg) THRUST (LB) (LB) (LB) THRUST

3 6 6885 6850 35 0.5

4 7 7594 7500 94 1.25

740

6 8 7979 8120 141 1.7

6 9 8533 8700 167 1.9

6 10 9077 9250 173 1.9

6 8 5163 5180 17 0.3

1 9 5374 5520 146 2.6

600 6 10 5840 5900 60 1.0

1 11 6029 6180 151 2.45

6 12 6390 6460 70 1.0

- -1.0

A-19
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TABLE IV. CORRELATION WITH CALCULATED POWER

300-099-010

PERCENT
TIP CORRECTED CALCULATED OF

TIP RUN COLLECTIVE POWER POWER A CALCULATED
SPEED NUMBER PITCH (deg) H.P. H.P. POWER POWER

3 6 823 855 32 3.7

4 7 958 992 34 3.4

740

6 8 1054 1130 76 6.7

6 9 1200 1295 95 7.3

6 10 1345 1465 120 8.2

6 8 538 570 32 5.6

1 9 580 645 65 10.0

600 6 10 673 720 47 6.5

1 11 714 800 86 10.8

6 12 823 895 72 8.0

A-20
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TABLE V. SCATTER IN THRUST DATA POINTS

TIP CORRECTED DELTA PERCENT OF MEAN
TIP RUN COLLECTIVE THRUST THRUST CORRECTED SCATTER

SPEED NUMBER PITCH (deg) (LBS) (LBS) THRUST (PERCENT)

6 5163 - -

8

1 4981 182 3.6

6 5840 - -

600 10 3.4

1 5575 265 4.7

6 6390 - -

12

1 6261 129 2.0

4 7594 - -

7

6 7356 238 3.2

3 8296 - -

8

6 7979 317 4.0

3 8670 - -

740 9

6 8533 137 1.6
2.1

6 9077 - -

10

3 8996 81 0.9

6 9581 - -

11

3 9489 92 0.9

6 9887 - -

12

3 9667 220 2.3

300-099-010 A-21
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TABLE VI. SCATTER IN POWER DATA POINTS

300-099-010

TIP PERCENT OF MEAN
TIP RUN COLLECTIVE CORRECTED DELTA CORRECTED SCATTER
SPEED NUMBER PITCH (deg) POWER POWER POWER (PERCENT)

6 538 - -
8

1 514 24 4.7

6 673 - -
600 10 4.9

1 633 40 6.3

6 823 - -
12

1 794 29 3.7

6 1345 - -

10

3 1307 38 2.9

6 1496 - -

740 11 2.5

3 1455 41 2.8

6 1648 - -

12

3 1612 36 2.2

3 1681 - -

12

6 1648 33 2.0

l.
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